It is unclear whether signaling between endothelial cells and muscle cells within ventricular myocardium, known to be important during cardiac development, remains physiologically relevant in the adult heart. Also, the mechanisms regulating the (J. Clin. Invest. 1993Invest. . 91:1934Invest. -1941
Introduction
The importance of cell-cell interactions during cardiac morphogenesis involving peptide signaling factors, such as acidic and basic fibroblast growth factor and TGF3 among others, is now well recognized (1) (2) (3) . Postnatal and adult mammalian ventricular tissue also contains autocrine-and paracrine-acting peptide cytokines, although their relevance to the regulation of myocardial function and gene expression is less clear. Vascular and endocardial endothelial cells are a potential source ofthese and other peptide cytokines, as well as a number of additional compounds ofdisparate biological activity that maydirectly or indirectly affect the function of adjacent cardiac muscle cells (4, 5) . Since the initial reports by Brutsaert and co-workers (6, 7) , several groups have now confirmed that endocardial endothelium can regulate the inotropic response ofsubjacent myofibrils (8, 9) and that the function of contractile proteins within ventricular muscle may be regulated by factors released from the microvasculature (10, 11) .
Of those peptide signaling factors of presumed endothelial cell origin detected within the adult heart, endothelins have been among the most extensively characterized, at least in terms of their pharmacological action on cardiac muscle (4, 5, (12) (13) (14) . The three endothelin isoforms that have been described are now known to be among the most potent inotropic agents yet identified, with important actions on myocyte gene expression and growth. Endothelins are known to act as autocrine and/or paracrine peptide autacoids, or cytokines, in most tissues in which they have been described (4, 14) . If endothelins are produced locally within ventricular tissue, the most likely source is the microvasculature, although it is not known whether cardiac microvascular endothelial cells express endothelins.
In this report, the regulation of microvascular endothelial cell phenotype by cardiac myocytes is examined in heterotypic primary culture. Unlike large vessel endothelial cells, evidence for constitutive production of endothelin precursor transcripts could not be detected in cardiac microvascular endothelial cells (CMEC)' at the sensitivity of standard Northern analysis.
However, the abundance of endothelin precursor mRNA could be markedly induced by coculture with adult ventricular myocytes. In addition, the rate of endothelial cell proliferation was diminished by coculture. Both effects were preceded by increasing levels of TGFj mRNA within endothelial cells in coculture and could be blocked by TGFB-specific antibodies.
Methods
Coculture ofadult rat ventricular myocytes (AR VM) and CMEC. Ventricular myocytes were isolated from adult rat hearts as previously described ( 15) . Briefly, hearts from male Sprague-Dawley rats ( 175-200 g) were perfused retrogradely with nominally Ca21 -free Krebs-Henseleit bicarbonate (KHB) buffer, minced, and dissociated with an enzyme mixture consisting of KHB buffer with added trypsin (0.02 mg/ ml) and deoxyribonuclease (0.02 mg/ml). Dissociated filtered cells were sedimented twice through a 6% BSA cushion. The final pellet was resuspended in DME plus 20% FCS, 10 ,ug/ml ofcytosine arabinoside, and penicillin (100 IU/ml)/streptomycin (100 Ag/ml) and plated on laminin-coated culture dishes (1 Mg/cm2) at a density of 8.5 X 103 cells/cm2. The medium was changed and the cells rinsed briefly once at 45 min to remove loosely attached residual nonmyocyte cells.
The methods for isolation of rat CMEC and their characterization have been described in detail elsewhere (16) . Briefly, the atria, valvular tissue, and right ventricle were removed and the remainder of the left ventricle was briefly immersed (30 s) in 70% ethanol to devitalize epicardial mesothelial and endocardial endothelial cells. The outer onequarter of the ventricular free wall was removed, and the remaining ventricular tissue was minced finely and treated with collagenase and trypsin in nominally Ca2+-free KHB buffer. Dissociated cells were washed and resuspended in DME with 20% FCS and penicillin/streptomycin and plated on laminin-(1 Mg/cm2) coated culture dishes at a density of 2,500 cells/cm2. These primary isolates of CMEC from adult rat hearts have previously been documented to contain > 90% microvascular endothelial cells as judged by a number of criteria, including fluorescence-activated cell sorting ofcells labeled with a fluorescent derivative of acetylated LDL (16) .
The coculture format used in the experiments described here unless otherwise stated was heterotypic primary culture, in which primary isolates ofCMEC were plated at the density noted above on established primary cultures of ARVM, 7 d after myocyte isolation and after removal of cytosine arabinoside. Cocultures were initiated in DME + 20% FCS with penicillin/streptomycin. Medium conditioned by date-matched homotypic primary cultures of CMEC or heterotypic cultures of CMEC and ARVM was harvested on days 5 and 6 and immediately diluted with fresh DME with 20% FCS (1: 1, vol/vol) and placed on recipient homotypic CMEC cultures initiated on the same day and at the same density as endothelial cells used in coculture with myocytes.
Analysis of preproendothelin and TGFfl precursor mRNA. Total RNA was isolated from cultured cells and rat hearts using guanidinium thiocyanate extraction and cesium chloride sedimentation as previously described (15, 17) . In some experiments, cocultured CMEC were separated from ARVM by treatment with 0.05% trypsin for 3 min at 37°C, and total RNA was isolated separately from the suspended endothelial cells and myocytes remaining on the tissue culture plates. 15 Mg of total RNA was size-fractionated by gel electrophoresis, blotted to a nylon membrane, and hybridized for 24 h with cDNA probes labeled by the random primer method. The membranes were washed with 0.5 SSC (17) with 0.1% SDS at 52°C and exposed to Kodak X-Omat-RR film for 24 (TGF( I ) or 72 h (preproendothelin-l ). The cDNA used for preproendothelin hybridization was a 1-kb EcoRI fragment containing a conserved portion of the 3' untranslated region of human preproendothelin-l transcript (gift of Dr. S. Orkin, Harvard Medical School).
The cDNA for TGF3 was a SacI/PuvII fragment containing a 0.7-kb portion of the coding region of the porcine TGF# 1 gene.
Identification ofrat TGFI32 sequence. To determine the identity of the predominant TGF3 isoform present in ARVM-CMEC coculture, first-strand cDNA was synthesized from 10 Mg of total RNA isolated from CMEC after separation from coculture with ARVM using Superscript ( cessive time points after initiation of each culture. After a 24-h incubation in labeled thymidine, cells were washed and scraped into ice-cold 10% TCA, washed and dissolved in 0.12 N NaOH with 0.1% SDS, and radioactivity was determined by scintillation counting. To separate CMEC from ARVM in specified experiments, heterocellular cocultures (and rat CMEC or ARVM controls) were gently trypsinized (0.05%) for 3 min at 370C, which resulted in rapid detachment of CMEC under these conditions, leaving most ARVM attached to the laminin-coated dish. Each cell type was then processed as described above. To quantitate changes in cell number, CMEC from homotypic and heterotypic primary cultures were counted directly using a hemacytometer.
For experiments examining the effect of TGF(3-specific antibodies, either CMEC monocultures or CMEC-ARVM cocultures were spiked with [3H]thymidine at day 5. In treated groups, monocultures of CMEC were treated with exogenous TGFi32 (500 pg/ml) at day 5 of culture, with or without additional anti-TGF3 antibody (10 Mg/ml) whereas cocultures of CMEC and ARVM were treated only with anti-TGFI3 antibody ( 10 Mg/ml). 24 h after addition of [3H]thymidine, cells were harvested and [3HI thymidine incorporation was measured as described above.
Results
Abundance ofpreproendothelin mRNA in AR VM-CMEC coculture. Preproendothelin mRNA was not detected in confluent primary cultures of CMEC maintained in medium containing 20% FCS, although constitutively high levels of endothelin precursor mRNA were easily detected in confluent bovine aortic endothelial cells (BAECs) (Fig. 1 A) . Ventricular myocytes maintained in serum-containing medium at 14 d did not have detectable levels of endothelin precursor transcripts. However, when CMEC were added to established l-wk ARVM cultures, detectable levels of preproendothelin mRNA became apparent by day 7 ofcoculture. In a separate experiment, dissociation of CMEC from myocytes in coculture before isolation of total RNA from both cell types indicated that all the preproendothelin hybridization signal was present in RNA derived from endothelial cells (data not shown).
These data suggested that a signal for the induction of endothelin transcription was being received by microvascular endothelial cells in coculture. To determine whether CMEC would respond to several known endothelin secretagogues in large vessel endothelial cells, thrombin, angiotensin II, and TGF3-1 ( 14) , the effects of these agents as well as conditioned medium from established ARVM monocultures and ARVM-CMEC cocultures were examined on preproendothelin mRNA abundance in homotypic CMEC cultures. CMEC were exposed to these reagents at day 5 for 48 h. As shown in Fig. 1 tioned by adult myocytes alone after 14 d in monoculture had no effect on endothelin transcription [CM (AR VM) Fig. 1 B] .
Role of TGFf in regulation of preproendothelin mRNA abundance in CMEC. Although only a modest increase in endothelin precursor transcription was apparent at a relatively high concentration of angiotensin II, TGFf l markedly enhanced preproendothelin mRNA levels in CMEC. The TGF#3l concentration-effect relation shown in Fig. 2 indicated that the response of monocultured CMEC to this cytokine was bimodal, with peak levels of preproendothelin mRNA at 500 pg/ml after a 48-h incubation. To evaluate further the role of TGF3 in the expression of preproendothelin in ARVM-CMEC cocultures, the abundance of TGFj3 transcripts was examined. As shown in Fig. 3 , low levels of TGF,3 transcription could be identified in both cardiac microvascular endothelial and adult ventricular myocyte homotypic primary cultures under the conditions employed here. Levels ofTGF$ precursor transcripts were enhanced 2.4-fold after 7 d of coculture compared with parallel homotypic CMEC cultures.
As microvascular endothelial cells could be removed from established ARVM-CMEC cocultures relatively efficiently using low concentrations of trypsin, total RNA was analyzed from the myocyte and endothelial cell fractions from heterotypic ARVM-CMEC primary cultures following trypsinization. As shown in Fig. 3 , the hybridization signal for TGF,3 was These data indicated that TGF,3 was being induced in ARVM-CMEC cocultures and that most if not all of the increase in TGFf3 mRNA abundance was occurring in the microvascular endothelial cells, although a small increase in TGF,3 expression in cocultured myocytes could not be excluded. To determine the time course of appearance of TGF3 precursor transcripts in relation to endothelin precursor mRNA in CMEC in coculture, total RNA was isolated from parallel heterotypic cultures at 24-h intervals. As shown in Fig. 4 , preproendothelin mRNA was not detectable and TGF,3 precursor mRNA remained at low, but detectable levels on days 1-3 of coculture. After 3 d of coculture, TGF,3 mRNA had begun to increase and, by day 4, endothelin precursor transcripts were detectable by Northern analysis, with increasing levels of both A?N AN is quence analysis was performed on 10 clones found to be positive for conserved sequences among the TGFI isoforms. As shown in Fig. 5 , the clones sequenced revealed a deduced amino acid sequence that was > 92% identical to human TGFJ2 but only 72% identical to the rat TGFj I sequence and 76% identical to the mouse TGFf3 sequence. This high degree of sequence conservation for TGF(2, as well as for each of the other isoforms across species, is consistent with other reports in the literature, as is the 60-80% degree of identity for the mature, processed sequences among the five known isoforms of the TGFf family ( 18, 19) . As a HindIII restriction site unique to the rat TGF32 sequence was identified, restriction site analysis was performed on an additional 20 clones. Of 16 clones successfully analyzed, 13 had the HindIII site present in the rat TGF#2 sequence.
TGFfl antibodies prevent increases in preproendothelin mRNA in coculture. Although the data presented above strongly implicated TGF3 in the regulation of preproendothelin transcript levels by ARVM in coculture with microvascular endothelial cells, direct evidence for the presence of active TGF,3 was elicited using anti-TGFB antibodies. Two antibodies were used: Ab 1 is nonselective for the mammalian TGF# isoforms whereas Ab3 is an antibody selective for epitopes on TGFj32 and TGF33 (20) . As shown in Fig. 6 , neither antibody, as expected, had any effect on the low constitutive levels of endothelin precursor mRNA in CMEC monocultures. Abl (10 ,ug/ml) almost completely abrogated the expected increase of preproendothelin mRNA by TGF#1 (500 pg/ml) whereas Ab3 had little effect (Fig. 6, lanes 4-6) . When added to established ARVM-CMEC cocultures, both antibodies were effective in reducing levels of preproendothelin transcripts (Fig. 6,  lanes 7-9) . This evidence, coupled with the high prevalence of TGF32-specific clones revealed by PCR analysis, suggests a Decreased rate ofproliferation ofCMEC in coculture: role ofTGFI3. When endothelial cells were plated in coculture with ARVM at a relatively low density (2.5 compared with 8.5 X 103 cells/cm2 for ARVM), approximately a ratio of 1:3, endothelial cell proliferation was increased within the first 3-4 d after initiation of ARVM-CMEC cocultures when contrasted to CMEC in monoculture plated at the same density, as previously shown (16) . However, coincident with the increased expression of TGFj in heterotypic ARVM-CMEC cultures, both [3H ] thymidine uptake into CMEC and endothelial cell number declined in coculture after day 5 when compared with parallel homotypic cultures of CMEC (Figs. 7, A  and B ). This temporal correlation implied a direct role for endogenous TGFI3 in the regulation of endothelial cell growth in vitro. To explore this possibility, the effects of TGFfl-specific antibodies on CMEC proliferation were examined in monoculture and in ARVM-CMEC coculture, respectively. Exogenous TGF# added to CMEC 5 d after initiation of homotypic primary culture significantly decreased the rate of [3Hjthymidine uptake into microvascular endothelial cells, a decline that could be prevented by addition of TGFf#-specific antibodies (Fig. 7 C) . Importantly, an antibody selective for TGFj32 and TGFB3 when added to heterotypic ARVM-CMEC cultures prevented the expected decrease in the rate of [3H]thymidine incorporation associated with coculture (Fig. 7 C) . Addition of TGF,-specific antibodies to parallel homotypic CMEC cultures had no effect on [3H]thymidine incorporation rates (data not shown). It was also possible that endothelins, the transcription of which increases after day 4 of coculture, could have contributed to the decline in CMEC proliferation in coculture.
However, [3H ]thymidine uptake was found to increase in primary culture of homotypic CMEC after addition of exogenous endothelins, but only at relatively high concentrations (EC50 = 150 nM) (data not shown). ( 15, 17, (22) (23) (24) (25) in which a number of well-documented phenotypic changes occur during adaptation to primary culture. Importantly, by [7] [8] [9] [10] (26, 27) , emphasizing the importance of using tissue-specific endothelium for in vitro models where appropriate.
The increased expression of endothelin mRNA in CMEC monocultures by exogenous TGFf and angiotensin II (Fig. 1  B) suggested a complex and redundant or possibly additive mechanism for inducing endothelin release by microvascular endothelium (14) . Endothelin production is predominantly regulated at the level of transcription, since the precursor peptide is not stored, at least in aortic endothelial cells ( 14) . Additional regulation may occur at the level of degradation of preproendothelin transcripts. Like many cytokines and protooncogene products, endothelin precursor mRNA contains AUUU motifs in the 3' untranslated region, a sequence that is believed to target mRNA for rapid degradation (28, 29) . The bimodal effect of TGFf3 on preproendothelin transcription documented in Fig. 2 has been shown for several other actions of this cytokine, including "indirect" mitogenesis of aortic smooth muscle cells (30) . However, we cannot exclude the possibility that a portion of the observed decreased preproendothelin mRNA abundance, as a ratio oftotal RNA, was due to a decline in cell number at the 1 and 10 ng/ml concentrations of TGFf.
Both TGFO 1 (38, 39) . In this report, only medium conditioned by incubation in ARVM-CMEC cocultures, but not medium conditioned by monocultures of ARVM, could regulate preproendothelin transcript levels in cardiac microvascular endothelial cells (Fig. 1 B) . These data imply that contact between ARVM and CMEC in coculture, or close apposition, is necessary for the activation of latent TGFf3. This finding is consistent with previous reports in which neither medium conditioned by monocultured cells nor cocultures ofendothelial cells and pericytes in which the two cell types are separated, thus preventing cell-cell contact, resulted in activation of TGF3 (38, 39) .
The mechanism ofactivation ofTGFf3 in coculture is as yet unclear. It is likely that activation of plasminogen and the latent TGFfl-binding protein, which are present in these serumcontaining cultures, play a role. Ventricular myocytes in vivo and in vitro have been shown to contain acidic and basic fibroblast growth factor (40) (41) (42) (43) , cytokines known to induce release of urokinase-type plasminogen activator in capillary endothelial cells (44) . In contrast, TGFJ3 has been shown to decrease plasminogen activator activity in large vessel endothelial cells, probably by increasing the rate oftranscription ofplasminogen activator inhibitor-1 (44).
It has been proposed that TGFJ3 may thereby regulate its own rate of activation (44, 45 
